
(19) United States 
US 2005O237971A1 

(12) Patent Application Publication (10) Pub. No.: US 2005/0237971 A1 
Skraparlis (43) Pub. Date: Oct. 27, 2005 

(54) ADAPTIVE MIMOSYSTEMS 

(75) Inventor: Dimitrios Skraparlis, Bristol (GB) 
Correspondence Address: 
OBLON, SPIVAK, MCCLELLAND, MAIER & 
NEUSTADT, P.C. 
1940 DUKE STREET 
ALEXANDRIA, VA 22314 (US) 

(73) Assignee: KABUSHIKI KAISHA TOSHIBA, 
Tokyo (JP) 

(21) Appl. No.: 11/033,631 

(22) Filed: Jan. 13, 2005 

(30) Foreign Application Priority Data 

Feb. 23, 2004 (GB)......................................... O403975.6 

Publication Classification 

(51) Int. Cl." ....................................................... H04Q 7700 
(52) U.S. Cl. ........................... 0/329; 370/338; 370/341 

(57) ABSTRACT 

This invention is generally concerned with apparatus, meth 
ods and processor control code for MIMO (multiple-input 
multiple-output) communications Systems. 
An adaptive MIMO communications System comprising a 
MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, Said 
MIMO transmitter including a receiver to receive a feedback 
Signal from Said receiver Sent via Said feedback path and a 
controller responsive to Said feedback Signal to configure a 
MIMO transmission from said transmitter to said receiver, 
said MIMO receiver being configured to receive said MIMO 
transmission; and wherein said MIMO receiver includes a 
decision module, Said decision module having a power 
indicating input to input a Signal indicating a desired 
receiver power consumption, and an output for Sending a 
MIMO configuration signal to said MIMO transmitter, said 
decision module being configured to determine a MIMO 
transmission configuration responsive to Said power indi 
cating input and to output a MIMO configuration signal for 
feedback to Said transmitter to configure Said transmitter in 
accordance with Said determination. 
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ADAPTIVE MIMO SYSTEMS 

0001. This invention is generally concerned with appa 
ratus, methods and processor control code for MIMO (mul 
tiple-input multiple-output) communications Systems. 
0002 An underlying idea in MIMO systems is space 
time Signal processing, which effectively takes advantage of 
the Separatability of the Spatial channels between the mul 
tiple transmit and multiple receive antennas or the MIMO 
channels to provide higher data rates without a concomitant 
increase in Spectral usage or, alternatively, increased robust 
neSS and a lower error rate. Broadly Speaking coding a signal 
in Space or/and time (spatial, time and space-time diversity) 
increaseS robustneSS by effectively providing numerous ver 
Sions of a signal whilst multiplexing in Space (spatial 
multiplexing) effectively increases the available data rate. In 
a fixed configuration MIMO system a choice must be made 
as to this trade-off between Spatial-multiplexing and Space 
time-diversity although one of the major advantages of 
MIMO systems is generally seen as their ability to provide 
an increased data rate transmission. 

0003) The current generation of WLAN (wireless local 
area network) standards Such as Hiperlan/2 (in Europe) and 
IEEE802.11a (in the USA) provide data rates of up to 54 
Mbit/s. Increased data rates, for example for multimedia 
Services, may be achieved by Simply increasing the data 
transmission bandwidth, but this is inefficient and expensive. 
MIMO systems have the capability to increase throughput 
without increasing bandwidth, the throughput potentially 
Scaling linearly with the number of transmit/receive anten 
nas (see, for example, Telatar I.E., Capacity of multi-antenna 
Gaussian channels. Bell Labs Technical Memorandum, 
1995, also in European Transactions on Telecommunica 
tions, vol. 10, p. 585-595, November/December 1999; Fos 
chini G. J. and Gans M. J., On limits of wireless commu 
nications in a fading environment when using multiple 
antennas, WireleSS Personal Communications, Vol. 6, p. 
311-335, 1998). For example a four transmit, four receive 
antenna System provides up to four times the capacity of a 
Single transmit-receive antenna System. 
0004 FIG. 1a shows a typical MIMO data communica 
tions system 100. A data source 102 provides data (com 
prising information bits or symbols) to a channel encoder 
104. The channel encoder typically comprises a convolu 
tional coder Such as a recursive Systematic convolutional 
(RSC) encoder, or a stronger So-called turbo encoder (which 
includes an interleaver). More bits are output than are input, 
and typically the rate is one half or one third. The channel 
encoder 104 is followed by a channel interleaver 106 and, in 
the illustrated example, a space-time encoder 108. The 
Space-time encoder 108 encodes an incoming Symbol or 
Symbols as a plurality of code Symbols, which are mapped 
to complex modulation symbols such as QPSK (quadrature 
phase shift keying), M-QAM (M-ary quadrature amplitude 
modulation) for simultaneous transmission from each of a 
plurality of transmit antennas 110. 
0005 Space-time encoding may be described in terms of 
an encoding machine, described by a coding matrix, which 
operates on the data to provide Spatial and temporal transmit 
diversity or multiplexing; this is typically followed by a 
modulator to provide coded Symbols for transmission. 
Space-frequency encoding may additionally (or alterna 
tively) be employed. Thus, broadly speaking, incoming 
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Symbols and processed versions (such as Symbols which are 
phase-shifted and Scaled according to the Space-Time code 
algorithm) are distributed into a grid having space and time 
and/or frequency coordinates, for increased diversity. Where 
Space-frequency coding is employed the Separate frequency 
channels may be modulated onto OFDM (orthogonal fre 
quency division multiplexed) carriers, a cyclic prefix gen 
erally being added to each transmitted Symbol to mitigate 
the effects of channel dispersion. 

0006 The encoded transmitted signals propagate through 
MIMO channel 112 to receive antennas 114, which provide 
a plurality of inputs to a space-time (and/or frequency) 
decoder 116. This has the task of removing the effect of the 
encoder 108. The output of the decoder 116 comprises a 
plurality of Signal Streams, one for each transmit antenna, 
each carrying So-called Soft or likelihood data on the prob 
ability of a transmitted Symbol having a particular value. 
This data is provided to a channel de-interleaver 118 which 
reverses the effect of channel interleaver 106, and then to a 
channel decoder 120, Such as a Viterbi decoder, which 
decodes the convolutional code. Typically channel decoder 
120 is a SISO (soft-in soft-out) decoder, that is receiving 
symbol (or bit) likelihood data and providing similar like 
lihood data as an output rather than, Say, data on which a 
hard decision has been made. The output of channel decoder 
120 is provided to a data sink 122, for further processing of 
the data in any desired manner. 

0007. In Some communications Systems So-called turbo 
or iterative decoding is employed in which a Soft output 
from channel decoder 120 is provided to a channel inter 
leaver 124, corresponding to channel interleaver 106, which 
in turn provides soft (likelihood) data to decoder 116 for 
iterative space-time (and/or frequency) and channel decod 
ing. (It will be appreciated that in Such an arrangement 
channel decoder 120 provides complete transmitted symbols 
to decoder 116, that is for example including error check 
bits.) 
0008) MIMO systems may encounter different types of 
channels. The capacity of a MIMO system is not only 
dependent on SNR but also dependent on the type of 
channel. Two types of channel are Line-Of-Sight (LOS) and 
multipath-rich channels (see Da-Shan Shiu; Foschini, G. J.; 
Gans, M.J.; Kahn, J. M., Fading correlation and its effect on 
the capacity of multielement antenna Systems, Communica 
tions, IEEE Transactions on, Vol. 48, ISS. 3, March 2000, 
Pages: 502-513). The performance of different MIMO algo 
rithms is dependent upon the types of MIMO channels, for 
example, Space-time diversity techniques deliver higher data 
rates with LOS channels, while multiplexing techniques 
perform better with multipath-rich channels (see Parker, S., 
Sandell, M., Lee, M., The performance of Space-time codes 
in office environments, Vehicular Technology Conference, 
2003. VTC 2003-Spring. The 57th IEEE Semiannual, Vol 
ume: 1, 22-25 Apr. 2003, Pages: 741-745). 
0009 Generally speaking published MIMO communica 
tions systems employ a single, fixed MIMO algorithm but in 
an attempt to circumvent the need to define a particular 
trade-off of data rate against quality of Service Some adaptive 
Schemes have been proposed, in particular as described in 
WO 03/073646, EP1185001, and Abe T., Fujii H, Tomisato 
S., A hybrid MIMO System Using Spatial Correlation, 
Wireless Personal Multimedia Communications, The 5" 



US 2005/0237971 A1 

International Symposium on, 2002. WO 646 describes a 
multiple-antenna processing Scheme in which transmit 
power is allocated to antennas according to one of a Selec 
tion of techniques including a water-filling transmission 
Scheme, a Selective channel inversion transmission Scheme, 
a uniform transmission Scheme, a principal eigenmode 
beam-forming transmission Scheme and a beam-Steering 
transmission Scheme. EP 001 describes a MIMO OFDM 
System in which, broadly Speaking, the arrangement of data 
on OFDM Sub carriers uses either time diversity or spatial 
diversity based upon one of three criteria relating to the 
channel condition with the aim of maintaining a defined 
minimum threshold quality of service (QoS), in 001 defined 
as the number of times that the same packet can be re 
transmitted. One of the criteria upon which the choice is 
made is the condition of the channel matrix H, namely the 
ratio of the largest and Smallest eigenvalues of the MIMO 
channel matrix H. This document also discloses the Selection 
of a modulation Scheme for each Sub carrier based upon the 
estimated carrier-to-inference or Signal-to-noise ratio. The 
Abe et al. paper describes a hybrid MIMO system which 
Selectively employs either Spatial multiplexing or transmit 
diversity (selection diversity in which the whole transmit 
power is provided to the antenna which provides the largest 
received SNR and in which spatial correlation between data 
streams of the MIMO channel matrix is used as a metric. A 
feedback channel from the receiver to the transmitter allows 
transmission mode commands defining the transmission 
Scheme and Symbol constellation size to be provided from 
the receiver to the transmitter; a similar arrangement may be 
implemented in the generalised system of FIG. 1 by means 
of a transmitter 126 and a receiver 128, which need only 
have a low bandwidth. 

0.010 There are a number of drawbacks with the above 
described adaptive MIMO systems, which do not take full 
advantage of the possibilities offered by the return channel. 
In particular these known Systems are all relatively simple 
and leave room for improvements in throughput and/or 
quality of Service. For example there is an inherent assump 
tion in EP 001 that operating in a certain SNR region 
guarantees a particular quality of Service, but in practice this 
has been found not to be the case. It has been found that a 
prediction of, for example, a modulation Scheme based upon 
Signal-to-noise ratio may not provide optimum results and 
may benefit from modification in the light of an actual, 
measured performance. 
0011. In relation to another aspect of adaptive MIMO 
Systems it has been recognised that when considering a 
practical implementation of a MIMO communications SyS 
tem in, for example, a portable battery-powered device, 
different MIMO communications schemes require signifi 
cantly different amounts of power when decoding received 
Signals at the receiver, because of the very different com 
plexities and hence processing power requirements of dif 
ferent MIMO decoding algorithms. 
0012. According to a first aspect of the present invention 
there is therefore provided an adaptive MIMO communica 
tions system comprising a MIMO transmitter and a MIMO 
receiver and having a feedback path from Said receiver to 
said transmitter, said MIMO transmitter including a receiver 
to receive a feedback Signal from Said receiver Sent via Said 
feedback path and a controller responsive to Said feedback 
Signal to configure a MIMO transmission from Said trans 
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mitter to said receiver; said MIMO receiver being config 
ured to receive said MIMO transmission; and wherein said 
MIMO receiver includes a decision module, said decision 
module having a power indicating input to input a signal 
indicating a desired receiver power consumption, and an 
output for Sending a MIMO configuration Signal to Said 
MIMO transmitter, said decision module being configured to 
determine a MIMO transmission configuration responsive to 
Said power indicating input and to output a MIMO configu 
ration Signal for feedback to Said transmitter to configure 
Said transmitter in accordance with Said determination. 

0013 Employing application level data such as data 
indicating a desired power consumption provides increased 
flexibility and facilitates power management. For example a 
battery powered device may include a battery monitor 
and/or user-definable power mode defining an approximate 
power consumption. Such power consumption constraint 
data, which may be provided in real time from a battery 
monitor, allows the MIMO scheme and/or constellation 
and/or data rate to be modified, for example to reduce the 
data rate or use a Scheme with a lower decoding complexity 
to reduce the power consumption as the battery discharges 
and nears the end of its capacity. 
0014. In a related aspect the invention further provides an 
adaptive MIMO communications System comprising a 
MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, Said 
MIMO transmitter including a receiver to receive a feedback 
Signal from Said receiver Sent via Said feedback path and a 
controller responsive to Said feedback Signal to configure a 
MIMO transmission from said transmitter to said receiver; 
said MIMO receiver being configured to receive said MIMO 
transmission; and wherein said MIMO receiver includes a 
communications quality of Service (QoS) measuring System 
having measured QoS Signal output, and a decision module, 
Said decision module having a first, measured QoS input and 
a Second input to input a signal indicating a desired QoS, and 
an output to output a MIMO configuration Signal, and 
wherein Said decision module is configured to input a Said 
desired QoS signal, determine a first MIMO transmission 
configuration responsive to Said desired QoS Signal, output 
a first MIMO configuration signal for feedback to said 
transmitter to configure Said transmitter in accordance with 
Said determination, input a Said measured QoS Signal, deter 
mine a Second MIMO transmission configuration responsive 
to said measured QoS signal, and output a second MIMO 
configuration Signal for feedback to Said transmitter to 
configure Said transmitter in accordance with Said Second 
determination. 

0015 The second MIMO transmission configuration may 
be modified to take account of the actual, measured quality 
of Service, for example as defined by a block error rate, 
optionally averaged over time. In embodiments, for 
example, the choice of MIMO transmission configuration 
indicated by a lookup table may be followed only if the 
quality of Service is within a desired range, and if not the 
transmission configuration may be modified. In other 
embodiments, however, the desired quality of Service may 
be Subordinate to other requirements, in particular a power 
requirement, for example to allow a user to trade off quality 
against battery life. In one implementation the transmitter 
may include a data compression or other input Signal pre 
processing module Such as an audio and/or Video compres 
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Sion module. In Such a case it may be desirable to maintain 
a pre-determined minimum quality of Service in order that 
decompression at the receiver operates Substantially cor 
rectly and in this case the MIMO configuration signal 
generated by the receiver may indicate that a reduced data 
rate is to be employed. At the transmitter this may be 
implemented, for example, by increasing the compression 
ratio and/or decreasing the audio or Video data capture 
resolution. This enables an intelligent adaptation of an entire 
communications System from an input device, Via data 
compression and, following reception, Subsequent decom 
pression, to an output device taking into account require 
ments of, in particular, quality of Service and battery life in 
order to maintain a Service under conditions where this 
might not otherwise have been possible. The skilled person 
will appreciate that quality of Service, although exemplified 
later by average block error rate, may additionally or alter 
natively comprise other parameters, for example data trans 
mission latency. 

0016. The skilled person will appreciate that much or 
substantially all of the above described MIMO communi 
cation Systems will often be implemented in Software, 
Sometime in association with dedicated hardware proces 
Sors, and that therefore the decision module, in particular 
will normally comprise Some form of computer programme 
or processor control code Stored in memory. 

0.017. In embodiments of the above described systems the 
desired quality of Service Signal may comprise a signal 
indicating a type of data to be transmitted, for example one 
of a number of categories Such as Streamed media (audio 
and/or video), email/web traffic, and the like. Each of these 
categories of data may be associated with a minimum 
acceptable quality of Service level. 

0.018. The decision module may also take into account 
other factors, in particular a history of MIMO transmission 
configurations and/or a channel metric. Here a MIMO 
transmission configuration includes one or more of a MIMO 
transmission Scheme and/or algorithm, a constellation size, 
and a data rate. AS the skilled person will be aware there are 
many possible channel metrics which may be employed 
including Signal-to-noise ratio, power-delay profile, capac 
ity, inter-channel correlation as used by Abe et al., ibid, 
hereby incorporated by reference, and/or a measure of 
channel condition as described, for example, in EP 1185.001 
at paragraph 37 (hereby incorporated by reference). The 
channel metric computation may comprise an average over 
time and the time over which the average is taken may then 
be varied according to the type of MIMO channel. For 
example in an indoor, office environment the MIMO channel 
is expected to change only slowly whereas outdoors the 
MIMO channel will change at a speed dependent upon the 
relative Speed of motion of the transmitter and receiver, for 
example slowly for a pedestrian and fast for an in-car user. 
An indication of channel type may be provided to the 
channel metric computation module either, for example, 
from a pre-configuration in hardware, or from a channel 
estimation module within the receiver, or from the decision 
module, for example by observing the average block error 
rate. 

0019. In a preferred embodiment the decision module 
incorporates a lookup table for determining a MIMO trans 
mission Scheme and constellation (and optionally data rate) 
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responsive to parameterS Such as a power constraint and a 
data type, and also a decision modifier to optionally modify 
data read from the lookup table responsive to, Say, a mea 
Sured quality of Service Such as a block error rate. In other 
embodiments a desired and/or measured quality of Service 
may provide an input to the lookup table and the data read 
from this table may then be modified by, Say, a power 
constraint Signal in order to allow an overriding power 
constraint to take priority over one or more other parameters. 
The skilled person will appreciate that other combinations of 
parameters Serve as inputs to the lookup table and inputs to 
the decision modifier may also be employed. 
0020. In some preferred embodiments of the system the 
receiver is configured to share computational resources 
between a channel metric computation module or compo 
nent and a MIMO decoding module or component. This may 
be achieved by performing a decomposition of the MIMO 
channel matrix as estimated at the receiver, for example a 
QR or SVD decomposition, to provide intermediate data 
which is usable for both a channel metric computation and 
for decoding a received MIMO signal. Additionally or 
alternatively in these or other embodiments the Speed/ 
economy of the receiver may be improved by, in effect, 
combining the MIMO channel matrix estimation procedure 
with the MIMO channel matrix estimate decomposition. In 
a MIMO system channel estimation may be performed by 
transmitting a training Sequence from each transmit antenna 
in turn (listening on all the receive antennas), or by Simul 
taneously transmitting Substantially orthogonal training 
Sequences from all the transmit antennas. With both proce 
dures, but particularly with the former, the MIMO channel 
estimate matrix may be constructed column by column, and 
it has been appreciated that QR and other matrix decompo 
Sitions may also be performed column-by-column, in Step 
with construction of the channel estimate matrix. AS an 
example, the classical Gram-Schmidt algorithm used for QR 
decomposition, generates one column of both Q and R per 
algorithm Step (see, for example, Golub G. H., Van Loan C. 
F., Matrix computations 3rd ed., Johns Hopkins Univ. Pr. 
Baltimore, Md., 1996, in particular, section 5.2.7). For an 
example of a more Sophisticated technique, namely Sorted 
QR decomposition, reference may be made to Wubben D., 
Bohnke R., Rinas J., Kuhn V., Kammeyer K. D., Efficient 
algorithm for decoding layered Space-time codes, IEEE 
Electronics Letters, Vol. 37, No. 22, October 2001. Equally, 
depending upon the definitions, the channel estimation and 
decomposition may proceed row by row. In either case the 
underlying idea is that channel estimation and decomposi 
tion of the channel matrix, as a prelude to decoding/channel 
condition estimation, may be performed Substantially in 
parallel, thus assisting the decoder in working faster. 
0021. Thus according to another aspect of the invention 
there is provided an adaptive MIMO communications sys 
tem comprising a MIMO transmitter and a MIMO receiver 
and having a feedback path from Said receiver to Said 
transmitter, said MIMO transmitter including a receiver to 
receive a feedback Signal from Said receiver Sent via Said 
feedback path and a controller responsive to Said feedback 
Signal to configure a MIMO transmission from Said trans 
mitter to said receiver; said MIMO receiver being config 
ured to receive said MIMO transmission; and wherein said 
MIMO receiver includes a channel metric computation 
module having a channel metric output and a decision 
module, Said decision module having a channel metric input 
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and an output for Sending a MIMO configuration signal to 
said MIMO transmitter, said decision module being config 
ured to determine a MIMO transmission configuration 
responsive to Said channel metric input and to output a 
MIMO configuration signal for feedback to said transmitter 
to configure Said transmitter in accordance with Said deter 
mination; wherein Said receiver is further configured to 
estimate a MIMO channel response matrix for decoding a 
received signal and for computing a Said channel metric, and 
to determine a decomposition of Said channel response 
matrix, for computing a said channel metric and/or decoding 
a received signal, in parallel with Said channel response 
estimation. 

0022. In a related aspect the invention also provides an 
adaptive MIMO communications System comprising a 
MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, Said 
MIMO transmitter including a receiver to receive a feedback 
Signal from Said receiver Sent via Said feedback path and a 
controller responsive to Said feedback Signal to configure a 
MIMO transmission from said transmitter to said receiver; 
said MIMO receiver being configured to receive said MIMO 
transmission; and wherein said MIMO receiver includes 
channel metric computation module having a channel metric 
output and a decision module, Said decision module having 
a channel metric input and an output for sending a MIMO 
configuration Signal to Said MIMO transmitter, Said decision 
module being configured to determine a MIMO transmission 
configuration responsive to said channel metric input and to 
output a MIMO configuration signal for feedback to said 
transmitter to configure Said transmitter in accordance with 
Said determination; wherein Said receiver is further config 
ured to estimate a MIMO channel response matrix for 
decoding a received signal and for computing a said channel 
metric, and to determine a decomposition of Said channel 
response matrix, for computing a said channel metric and for 
decoding a received signal using shared computational 
CSOUCCS. 

0023. In other aspects the invention provides firstly, a 
transmitter, and Secondly, a receiver, as described above. 

0024. The invention also provides a MIMO receiver for 
receiving a MIMO transmission, the receiver comprising: a 
MIMO channel matrix estimator to estimate a MIMO chan 
nel response matrix for decoding a received signal; and a 
matrix decomposition module to determine a decomposition 
of Said channel response matrix for decoding a received 
Signal; and wherein Said receiver is configured to estimate 
Said channel response in parallel with Said channel matrix 
response decomposition determination. 

0.025 The invention also provides a method of configur 
ing an adaptive MIMO communications System comprising 
a MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, Said 
MIMO transmitter including a receiver to receive a feedback 
Signal from Said receiver Sent via Said feedback path and a 
controller responsive to Said feedback Signal to configure a 
MIMO transmission from said transmitter to said receiver, 
said MIMO receiver being configured to receive said MIMO 
transmission, the method comprising: inputting a signal 
indicating a desired receiver power consumption; determin 
ing a MIMO transmission configuration responsive to Said 
power indicating input; and outputting a MIMO configura 
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tion signal for feedback to Said transmitter to configure Said 
transmitter in accordance with Said determination. 

0026. The invention further provides a method of con 
figuring an adaptive MIMO communications System com 
prising a MIMO transmitter and a MIMO receiver and 
having a feedback path from Said receiver to Said transmitter, 
said MIMO transmitter including a receiver to receive a 
feedback Signal from Said receiver Sent via Said feedback 
path and a controller responsive to Said feedback Signal to 
configure a MIMO transmission from said transmitter to said 
receiver, said MIMO receiver being configured to receive 
Said MIMO transmission, the method comprising: inputting 
a desired communications quality of Service (QoS) signal; 
determining a first MIMO transmission configuration 
responsive to Said desired QoS Signal; outputting Said first 
MIMO configuration signal for feedback to said transmitter 
to configure Said transmitter in accordance with Said deter 
mination; measuring a communications quality of Service 
(QoS); determining a second MIMO transmission configu 
ration responsive to Said measured QoS, and outputting a 
second MIMO configuration signal for feedback to said 
transmitter to configure Said transmitter in accordance with 
Said Second determination. 

0027. The above-described systems, transmitters, receiv 
erS and methods may be implemented using processor 
control code, optionally provided on a data carrier Such as a 
disk, CD- or DVD-ROM, programmed memory such as 
read-only memory (Firmware), or on a data carrier Such as 
optical or electrical Signal carrier. For many applications 
embodiments of the above-described Systems, transmitters, 
receivers and methods will be implemented on a DSP 
(Digital Signal Processor), ASIC (Application Specific Inte 
grated Circuit) and/or FPGA (Field Programmable Gate 
Array). Thus code (and data) to implement embodiments of 
the invention may comprise code in a conventional pro 
gramming language Such as C, or microcode. However code 
to implement embodiments of the invention may alterna 
tively comprise code for Setting up or controlling an ASIC 
or FPGA, or code for a hardware description language Such 
as Verilog (Trade Mark), VHDL (Very high speed integrated 
circuit Hardware Description Language) or System.C. AS the 
skilled perSon will appreciate Such code and/or data may be 
distributed between a plurality of coupled components in 
communication with one another, for example on a network. 

0028. These and other aspects of the present invention 
will now be further described, by way of example only, with 
reference to the accompanying figures in which: 

0029 FIGS. 1a and 1b show, respectively, an example of 
a MIMO-time coded communications system with feed 
back, and an example of a MIMO receiver architecture; 

0030 FIG. 2 shows a block diagram of an adaptive 
MIMO receiver according to an embodiment of an aspect of 
the present invention; 

0031 FIG. 3 shows a generalised architecture of an 
intelligent adaptive MIMO system; 

0032 FIG. 4 shows another architecture of an intelligent 
adaptive MIMO system; 

0033 FIG. 5 shows an architecture of an intelligent 
adaptive MIMO system with memory; 
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0034 FIG. 6 shows an architecture for a MIMO receiver 
employing resource sharing; 
0035 FIGS. 7a and 7b show, reflectively, a receiver 
configured to operate in accordance with an embodiment of 
the present invention, and a flow diagram of an adaptive 
MIMO process; and 
0.036 FIG. 8 shows an example of a header format of an 
802.11a data packet. 
0037 Broadly speaking we will describe an intelligent 
adaptive MIMO system in which decisions on the MIMO 
encoding and decoding Schemes are based upon a range of 
parameters, as well as an estimated channel metric and the 
Signal-to-noise ratio (or SNR range) also including infor 
mation from layers above the physical layer Such as quality 
of Service requirements and power constraints, further tak 
ing into account actual performance indications. In this way 
embodiments of the adaptive System aim to provide opti 
mum physical layer throughput using a feedback channel 
from the receiver to the transmitter of a MIMO transceiver 
System. In embodiments other parameterS Such as the modu 
lation type of constellation size may also be varied. 
0.038. In embodiments of the system the upper-or appli 
cation-layer information may comprise restrictions on a 
required BLER (block error rate), optionally varied accord 
ing to the type of data to be sent from the transmitter to the 
receiver, and/or a CRC (cyclic redundancy check) perfor 
mance. The power consumption constraints which may be 
employed, for example in the case of portable devices, may 
be provided in real time from battery management compo 
nents. Other parameters input to the decision making pro 
ceSS may comprise the Signal-to-noise ratio or carrier-to 
interference ratio. The physical layer information may also 
comprise a computed channel metric, for example con 
Structed from information relating to the channel Statistics 
Such as SNR, the power delay profile, the channel capacity, 
the degree of correlation between MIMO channels, and the 
channel conditions (for example determined by means of 
Singular Value Decomposition or a similar technique), and 
optionally any other available information. 
0039 FIG. 1b shows a typical single-scheme MIMO 
decoding architecture 150 comprising a plurality of receive 
antennas 152 providing received signals to a MIMO decoder 
154 and to a MIMO channel matrix estimator 156. Channel 
estimator 156 provides a first output 158a to MIMO decoder 
154 comprising an estimate of the MIMO channel matrix, 
and a second output 158b to the MIMO decoder 154 
comprising a Signal-to-noise ratio estimate, which is the 
operating SNR. The MIMO decoder 154 provides a plurality 
of Symbol outputs 160, one for each transmit antenna, 
comprising estimates of the Symbols Sent from each transmit 
antenna, and these Symbols are converted back into a bit 
stream by a symbol-to-bit converter 162 which provides a 
serial data output 164. MIMO decoder 154 also provides a 
noise variance estimate (for each symbol) output 161 to the 
symbol-to-bit decoder. The noise variance information is 
used by the symbol-to-bit decoder in order to produce 
Soft-value outputs. It will be recognised that apart from 
antenna front ends and down conversion circuitry (not 
shown in FIG. 1b) generally the received signals will be 
digitised at an early Stage and the architecture illustrated in 
FIG. 1b will therefore comprise a software architecture. 
0040. Referring now to FIG. 2, this shows an example of 
an architecture of an intelligent adaptive MIMO receiver 
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200 embodying aspects of the present invention; for com 
pleteness a corresponding MIMO transmitter 280 is also 
shown. 

0041) The receiver 200 of FIG. 2 comprises six main 
sections: a hybrid MIMO decoder system 202, similar to the 
MIMO decoder of FIG. 1b but reconfigurable such that it 
can be controlled to decode different MIMO algorithms and 
constellation sizes as needed; a MIMO scheme selection 
module 204, a data post-processing module 206; a channel 
condition estimation module 208; a decision module 210; 
and a feedback System 212. 
0042. The MIMO decoder system comprises a plurality 
of receiver antennas 214 which provide a plurality of 
received signals to a hybrid MIMO decoder 216 and also to 
a MIMO scheme and constellation (Q) selector 218 of 
Scheme selection module 204 and to a MIMO channel 
estimator 220 of channel condition estimation module 208. 
The channel estimator 220 provides an estimate of a MIMO 
channel matrix, H, and an SNR estimate of respective 
outputs 220a, b. The scheme and constellation selector 218 
receives and decodes Scheme and constellation Selection 
information sent from the MIMO transmitter 280 and pro 
vides respective MIMO scheme identification and constel 
lation/Q identification data outputs 218a, b. Typically a 
packetised data transmission Scheme is employed and a 
packet header information may then include this MIMO 
Scheme and constellation identification data; this may be 
encoded using a pre-determined default encoding Scheme, 
preferably one which is relatively straightforward to decode. 
In other arrangements information defining the active 
MIMO scheme and constellation may be transmitted during 
a special (pre-arranged) packet transmission, or even at the 
trailing end of a previously transmitted packet; the informa 
tion signalling the hybrid MIMO decoder 216 to change 
Scheme should, however, arrive before the actual data to be 
decoded. To optimise speed the hybrid MIMO decoder 
reconfiguration may take place at the same time as a channel 
estimation process. 
0043. Examples of MIMO transmission schemes which 
may be employed include, but are not limited to, Alamouti 
(a simple space-time code which provides a transmit diver 
sity of two), vertical BLAST (Bell labs Layered SpaceTime) 
decoding and Bell labs Layered Time, and other techniques, 
such as those described in the following references: V. 
Tarokh, H. Jafarkhani and A. R. Calderbank, “Space-time 
block codes from orthogonal designs," IEEE Trans. Info. 
Theory, vol. 45, pp. 1456-1467, July 1999; B. Hassibi and 
B. Hochwald, “High-rate codes that are linear in Space and 
time.” IEEE Trans. Info. Theory., vol. 48, pp. 1804-1824, 
July 2002); also see G. J. Foschini, “Layered space-time 
architecture for wireleSS communication in a fading envi 
ronment when using multi-element antennas,” Bell Labs. 
Tech.J., vol. 1, no. 2, pp. 41-59, 1996 for BLAST, and S. M. 
Alamouti, "A Simple transmitter diversity Scheme for wire 
less communications.” IEEE J. Sel. Area Comm., pp. 1451 
1458, October 1998 for Alamouti. Other MIMO decoding 
Schemes are described in the applicant's co-pending UK 
patent applications numbers 0219056.9 filed 15 Aug. 2002, 
0227770.5 filed on 28 Nov. 2002, 0323074.5 filed on 2 Oct. 
2003, 0323208.9 filed on 3 Oct. 2003, 0323211.3 filed on 3 
Oct. 2003, and 0329230.7 filed on 17 Dec. 2003. Modulation 
Schemes/constellations which may be employed include, but 
are not limited to, M-PSK and M-QAM. To identify the 
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MIMO scheme and modulation type a simple code can be 
employed such as 1=V-BLAST, 1 = 16 QAM, and the like. 
0044) Referring back to FIG. 2, the hybrid MIMO 
decoder 216 accepts the MIMO scheme and constellation 
information from outputs 218a, b and the channel estimate 
and Signal-to-noise ratio information from outputS 220a, b 
as well as one Signal from each receive antenna and provides 
a plurality of Symbol outputS 222, one corresponding to each 
transmit antenna, as well as a noise variance for each Symbol 
(222) output 224, these being provided, together with the 
modulation/constellation type information from output 
218b, to a symbol-to-bit converter 226 which provides an 
output bit Stream 228 comprising an estimate of a bit Stream 
provided to MIMO transmitter 280. This bit stream is 
provided to the data post-processing module 206 which may 
include a variety of other processing 230, for example 
channel decoding using, say, a Viterbi decoder, and a CRC 
check 232. The skilled person will recognise that depending 
upon the receiver implementation a range of functions may 
be provided within data-post processing module 206 and the 
components shown in FIG. 2 are merely meant to illustrate, 
in general terms, Some of the options. However, broadly 
Speaking, the data post-processing module 206 provides a 
data output 234 to higher level modules, for example 
medium-access control (MAC) layer modules and applica 
tion layer modules Such an audio and/or Video decoder. Data 
post-processing module 206 also provides a channel Statis 
tics data output 236 comprising Statistical data relating to an 
actual (measured) channel performance, for example com 
prising an instantaneous or average block error rate (BLER). 
This measured Statistical information is provided to the 
decision module 210. 

0.045 Referring back to the channel condition estimation 
module 208, as well as a channel estimator 220 this also 
includes a channel metric computation module 238 having 
an input from the MIMO channel estimate output 220a of 
channel estimator 220 and providing a channel metric data 
output 240 to decision module 210. The channel metric 
computation module 238 may operate in any conventional 
manner to compute a channel metric based upon, for 
example, QR factorisation or SVD (singular value decom 
position). Some channel metric computation techniques are 
described in the prior art documents to which reference has 
already been made (in particular EP 1185001 and Abe et al.); 
alternatively where, for example SVD is employed then a 
channel condition metric may be determined from the ratio 
of the largest to the Smallest Singular value. Additionally or 
alternatively the Smallest Singular value and/or diagonal 
element may be employed as an indicator of the applicability 
or robustness of a particular MIMO transmission scheme. 
0046) The channel condition may be computed as an 
average over time and the channel metric computation 
module 238 may be provided with a channel type data input 
242 indicative of the type of MIMO channel, for example 
indoor or outdoor, and this information may be used to 
determine over what period to average. For example for an 
indoor environment it may be appropriate to average over a 
period of from 1 to 10 seconds whereas for an outdoor 
environment it may be appropriate to average over a period 
of less than 1 Second or possibly less than 0.1 Second. 
Additionally or alternatively the channel metric computation 
module may determine a channel metric using one or more 
of channel Statistics Such as the power delay profile, the 
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channel capacity, and the correlation between the MIMO 
channels. AS previously mentioned generally channel esti 
mator 220 will determine a channel estimate by making use 
of a known training Sequence. Broadly Speaking the channel 
estimator and/or channel metric computation module can be 
assisted by being provided with information relating to the 
channel characteristics or type, which can assist in adapting 
to an optimum Sampling rate and which can improve track 
ing performance and, more generally, provide improved 
estimates of the channel/channel Statistics. 
0047 Referring now to the decision module 210, this 
incorporates two main components, a lookup table 244 and 
decision logic 246, and optionally may further include an 
average SNR estimator 248. The lookup table 244 is con 
figured to receive a number of parameters indexing entries 
within the table and to provide a pair of outputs 244a, b 
identifying a MIMO transmission scheme and constellation 
size/type respectively. The input parameters, in the illus 
trated embodiment, comprise a power constraint input for 
index 244c, a data type input or index 244d, a channel metric 
input or index 240, and an average SNR input or index 244e. 
Each of these input parameters effectively acts as a dimen 
Sion of the lookup table 244, a set of input parameters 
identifying a pre-determined MIMO scheme and constella 
tion for output. The data in lookup table 244 will depend 
upon the particular implementation of the MIMO system, 
the power constraints, the required performance, and the 
like. The skilled person will appreciate that data for the 
lookup table may readily be determined by routine experi 
ment, for example by measuring the power consumption of 
a particular MIMO decoding scheme and by experimentally 
determining the performance of particular combinations of 
MIMO Schemes and constellation sizes/types under a range 
of conditions (channel type, data type, average SNR), when 
Subject to a range of minimum quality of Service require 
ments. The results of Such routine experiments may then be 
examined to determine, for a particular set of input param 
eters, a third MIMO scheme and constellation size/type and 
this data can then be permanently (or upgradably) Stored in 
the lookup table to 244 which may comprise, for example, 
ROM or Flash RAM. Additionally or alternatively the 
lookup table may store data relating to the expected perfor 
mance of a range of combinations of MIMO schemes and 
constellation sizes/types (which the hybrid MIMO detector 
can Support) and also data relating the expected power 
consumption for each of these Schemes/constellation types, 
for a Subset of or for all possible input parameter values. In 
either case the lookup table is then effectively configured to 
respond to a query from the decision logic component 246 
comprising, for example, a channel metric, SNR, data type, 
and/or power constraint, by outputting data identifying the 
optimal MIMO transmission scheme and constellation type/ 
Size to employ. For example, for a power constrained 
application a simple Scheme Such as an Alamouti Scheme 
may be employed whereas when more power is available a 
BLAST-type Scheme using a high-performance high-com 
plexity MIMO decoder may be employed. 
0048. In embodiments of the receiver the outputs 244a, b 
from lookup table 244 may be taken to define the MIMO 
Scheme and constellations to be employed by the transmitter 
280. However in preferred embodiments the decision mod 
ule 210 incorporates a decision logic component 246 which 
is able to modify the Supposed optimal Scheme/constellation 
output from the lookup table, in particular to provide feed 
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back based upon actual measured performance of a Selected 
scheme/constellation. This information is provided to the 
decision logic 246 from the post-processing module 206, for 
example via output 236 from CRC check unit 232 (although 
Since the output of a CRC check is generally simply a logic 
value, true or false-pass or fail, this may need to be 
converted to a statistic). The decision logic 246 facilitates 
modification of the outputs from lookup table 244 in many 
ways. For example if the Selected Scheme/constellation 
provides a block error rate within a desired range then the 
Scheme/constellation may be left unchanged, otherwise it 
may be modified. Additionally or alternatively the lookup 
table 244 may Suggest a power hungry MIMO decoding 
Scheme but other information may indicate, for example, 
that a battery has only a few minutes of life left, in which 
case the choice can be modified to a simpler Scheme, 
requiring less processing power to decode, and hence 
extending the available battery life. Alternatively if the 
measured block error rate (or other statistic) implies that the 
quality of Service is higher than necessary the Scheme/ 
constellation may be modified to deliver a higher data 
throughput at a lower, but still acceptable quality of Service. 
(The skilled person will appreciate that a statistical error rate 
is a useful measure of a quality of Service although other 
measures, Such the number of re-transmissions required to 
Substantially ensure error-free packet reception may also be 
employed. The decision logic component may also take 
account of user inputs or Settings, for example to define an 
operating mode of the System. In embodiments decision 
logic component 246 has or can derive knowledge of the 
channel type (for example how fast it changes and whether 
it is an indoor or an outdoor environment) and of the data 
type (for example non-time critical data for web browsing, 
time-critical data for Video transmission, required transmis 
Sion quality for video, and the like), for example in the form 
of BLER requirements. 
0049 AS previously mentioned the average SNR estima 
tor 248 may also provide an input to lookup table 244. The 
SNR estimator 248 receives estimated SNR data from 
channel estimator 220 and calculates a running or windowed 
average of this, and is preferably re-settable by an output 
246a from decision logic component 246, for example when 
the MIMO scheme/constellation changes or at other times 
when the channel characteristics may change. 
0050. The decision logic component 246 of decision 
module 210 provides an output 246b to feedback path 
module 212 comprising data identifying a MIMO scheme 
and constellation size/type. This information is Sent back to 
MIMO transmitter 280 by any convenient communications 
method, which may or may not comprise wireleSS commu 
nications. In the illustrated example the Scheme/constella 
tion data is provided to a buffer 248 and thence to a transmit 
antenna 250 which sends the data back to a receive antenna 
282 coupled to MIMO transmitter 280 so that the MIMO 
transmitter can receive the Scheme/constellation command 
data and configure the transmissions accordingly. AS illus 
trated in the example of FIG. 2 MIMO transmitter 280 is 
configured to transmit video data compressed by a video 
data compression module 284. 
0051) The feedback path from the receiver 200 to the 
transmitter 280 need only be relatively low bandwidth as the 
information to be sent, that is the receiver's estimate of the 
optimal Scheme and constellation type/size for recurrent 
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period of time, may be defined by just a few bits. For 
example a single bit may be employed for Scheme Selection 
for a hybrid decoder with two Schemes, Such as Alamouti 
and BLAST (or similar techniques), and two bits may be 
employed to define a constellation size if choosing between 
four types, for example BPSK (binary phase shift keying), 
QPSK (quadrature PSK), 16-QAM, and 64-QAM. Thus, for 
example, this information may be included in headerS Sent 
inside acknowledgement packets (as sending Such acknowl 
edgement packets is normal for applications with a defined 
quality of service requirement). Thus buffer 248 may com 
prise a header transmit queue. 
0.052 FIGS. 3 to 5 illustrate generic architectures for 
intelligent adaptive MIMO systems as described in detail 
above with reference to FIG. 2. Thus in FIG. 3 a transmit 
parameter selection/decision module 300 receives inputs 
from a metric computation module 302, a power constraint 
determining module 304, and a quality of Service require 
ments module 306, the metric computation module 302 in 
turn receiving an input from a channel estimation module 
308. The architecture of FIG. 4 is similar except that the 
selection/decision module 400 also receives an input from 
one or more actual performance indicators 402, the arrange 
ment of FIG. 5 has a selection/decision module 500 which 
further receives or has knowledge of a history of chosen 
transmit parameters 502 (Scheme and/or constellation size/ 
type). 
0053. In particularly preferred embodiments of the 
receiver Signal processing resources can be shared to 
increase the processing and/or reduce power consumption 
(or possibly silicon area). This based upon a recognition that, 
firstly, decomposition of the MIMO channel estimate matrix 
can be used as a precursor to both determining a channel 
condition or metric and decoding received data, and Sec 
ondly that decomposition of the channel estimate matrix can 
proceed in parallel with a determination of the channel 
estimation matrix itself. AS is well-known to the skilled 
perSon, MIMO decoding generally relies upon Some form of 
factorisation of the matrix channel estimate, Such as QR 
factorisation or SVD factorisation, to estimate the transmit 
ted symbols (see, for example, Wubben D., Bohnke R., 
Rinas J., Kuhn V., Kammeyer K. D., Efficient algorithm for 
decoding layered space-time codes, IEEE Electronics Let 
ters, Vol. 37, No. 22, October 2001). However the channel 
metric computation may also rely upon or be simplified by 
a decomposition of the matrix channel estimate and thus by 
configuring the receiver So that there is a common initial 
stage of decomposition or factorisation of the MIMO chan 
nel estimate matrix the computational load in the receiver 
may be reduced. For example, as mentioned above, a 
channel condition may be determined by taking the ratio of 
highest to lowest Singular values of a singular value decom 
position. The SVD may be determined via a QR factorisa 
tion (see, for example, Golub G. H., Van Loan C. F., Matrix 
computations 3rd ed., Johns Hopkins Univ. Pr. Baltimore, 
Md., 1996, in particular paragraph 3.54, algorithm 3.5.1, 
hereby incorporated by reference), or alternatively QR fac 
torisation may be used to determine the channel conditions 
directly. FIG. 6 shows a portion of a MIMO receiver 600 
which Schematically illustrates this procedure, showing how 
resources may be shared between an intelligent or adaptive 
part of the receiver, for example using channel condition 
information, and a decoding part of the receiver, in the 
illustrative example employing a back Substitution-algo 
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rithm. The two dashed boxes 602, 604 of FIG. 6 indicate a 
training phase of the receiver's operation and a decoding 
phase of the receiver's operation respectively; physically the 
two sets of receive antennas 606 are the Same. In the training 
phase the receiver receives training Sequences, for example 
at the Start of a packet, which are provided to a channel 
estimation/decomposition module 608. This module per 
forms a channel estimation and matrix decomposition, pref 
erably in parallel as described further below, determining a 
OR factorisation of the MIMO channel estimate matrix and 
providing Q and R matrix outputs 608a, b, an estimated 
Signal-to-noise ratio output 608c, and a channel condition 
output 608d, for example based upon highest to lowest 
Singular value ratio. Optionally the Q and R values may be 
pre-processed or transformed by a pre-calculation compo 
nent 610 in order to simplify and/or improve the reliability 
of a Subsequent back-Substitution procedure. For example 
values inside the matrix R which are very close or equal to 
0 can cause problems when performing back-Substitution 
612, effectively because they are used as divisors in division 
operations (for a formulation of back-Substitution algo 
rithm-see, for example, Golub G. H., Van Loan C. F., 
Matrix computations 3rd ed., Johns Hopkins Univ. Pr. 
Baltimore, Md., 1996, in particular section 3.1.2). This can 
result in erroneously estimating the transmitted Symbols and 
can also result in arithmetic overflows during the division 
operations of the decoding hardware, and these values may 
therefore be adjusted. Any necessary pre-calculations may 
be performed after or during (as described further below) 
channel estimation at the Start of a block. The precalculation 
step 610 can also function in-place of the back-substitution 
demultiplexing algorithm 612 as described, for example, in 
Golub et al. Section 5.7.1. 

0.054 The training phase 602 is generally performed no 
more frequently than once for each block of received Sym 
bols processed but the decoding is performed for each Set of 
received data symbols. As a general example, FIG. 8 shows 
a block of symbols according to the IEEE 802.11a standard 
IEEE Std 802.11a-1999 ISO/IEC 8802-11:1999/Amd 
1:2000(E)) (Supplement to IEEE Std 802.11, 1999 Edition) 
Part 11: Wireless LAN Medium Access Control (MAC) and 
Physical Layer (PHY) specifications: High-speed Physical 
Layer in the 5 GHz Band (in particular a PPDU frame 
format). This specifies an OFDM system with OFDM sym 
bols comprising two parts: a header part which occupies the 
first OFDM symbols during a transmission and includes a 
Specific training Sequence of Symbols used for channel 
estimation in the PLCP Preamble symbols, and a SIGNAL 
part which provides information on the modulation type and 
coding rate used for the following OFDM symbols. The 
PLCP Preamble and SIGNAL OFDM symbols are followed 
(in time) by the data part that carries several OFDM symbols 
carrying the data Symbols which are decoded by the receiver 
(decoding phase). Thus in the decoding phase 604 the QR 
decomposition, pre-processed as necessary, is provided to, 
for example, a back-Substitution module 612 with quantisa 
tion to provide a demultiplexed signal stream 614 for further 
processing. 
0.055 Broadly speaking, apart from a noise term a 
received signal vectory is given by y=QR"c where c is a 
transmitted Signal vector, and thus knowing y, Q and R, 
because Q can be easily inverted as its transpose is the 
inverse from definition (of the QR decomposition) and 
multiplied by y and because R is an upper triangular matrix 
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the Symbolic can be determined element by element, starting 
by determining c, from Q'y, and Working backwards, for 
each c-value in turn quantising the value to the closest 
constellation point. AS the channel estimate and channel 
metric computation are performed only once per block of 
transmitted symbols the MIMO decoder can use a straight 
forward back-substitution method with quantisation for esti 
mating each Symbol in the block, whilst Simplifying the 
channel metric computation process. 
0056. In order to improve the speed of operation of the 
receiver the QR or other decomposition may be performed 
in parallel with the channel estimation procedure. For 
example the channel estimation may be performed column 
by-column and the QR decomposition procedure may also 
allow decomposition on a column-by-column basis. AS an 
example, consider the modified-Gram Schmidt (mGS) algo 
rithm used for QR decomposition. The first steps of the mGS 
algorithm are: 

0057) 1. R(1,1)=norm(1st column of H) 
0058 2. 1st column of Q=(1st column of H)/R(1,1) 
0059) 3. R(1,2)=(first column of Q)'*(2nd column of 
H) 

0060 4. (2nd column of H)=(2nd column of H)-R(1, 
2)*(1st column of Q) 

0061 5. R(1,3)=(first column of Q)*(3rd column of H) 
0062) 6. (3rd column of H)=(3rd column of H)-R(1, 
3)*(1st column of Q) 

0063 7.R(1,4)=(first column of Q)*(4th column of H) 
0064 8. (4th column of H)=(4th column of H)-R(1, 
4)*(1st column of Q) 

0065 9. Remaining steps 

0066 Steps 1 and 2 use the first column of H, steps 3 and 
4 use the second, 5 and 6 use the third and steps 7 and 8 use 
the fourth column of H. It is therefore possible to parallelize 
the channel estimation proceSS with those first Steps of the 
modified-Gram Schmidt (mGS) algorithm. The estimation 
and decomposition Steps are: 

0067. 1. Estimate 1st column of H. 
0068 2. Perform steps 1 and 2 of mGS while 
estimating 2nd column of H. 

0069. 3. Perform steps 3 and 4 of mGS above while 
estimating 3rd column of H. 

0070 4. Perform steps 5 and 6 of mGS above while 
estimating 4th column of H. 

0071 5. Perform steps 7 and 8 of mGS. 
0072 6. Continue with remaining steps of mGS. 

0073. Thus in FIG. 6 the two elements indicated by 
dashed lines in module 608, channel estimation, and decom 
position, may in fact comprise a single, unified procedure. In 
Such a case determination of the channel condition estima 
tion metric may comprise a different component or module 
of the architecture and this component may operate, for 
example, during and in parallel with the back-Substitution 
procedure. 
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0.074. It is also known to perform channel estimation by 
determining a decomposition or factorisation Such as an 
SVD or QR factorisation. Examples of such channel esti 
mators (including blind equalisation without requiring noise 
variants estimation) are described in Edfors O., Sandell M., 
van de Beek J-J, Wilson S. K., Borjesson P. O., OFDM 
Channel estimation by Singular Value Decomposition, IEEE 
Transactions on Communications, Vol. 46, No. 7, July 1998 
and Li X., Fan H. (H), QR Factorization Based Blind 
Channel Identification and Equalization with Second-Order 
Statistics, IEEE Transactions on Signal Processing, Vol. 48, 
No. 1, January 2000. Such systems effectively allow the 
decomposition and channel estimation portions of module 
608 to be exchanged. 
0075 FIG. 7a shows a receiver 700 incorporating an 
adaptive MIMO decoder and configured to implement the 
above described techniques. 
0.076 Receiver 700 comprises one or more receive anten 
nas 702a, b (of which two are shown in the illustrated 
embodiment) each coupled to a respective RF front end 
704a, b, for example similar to the RF front end of FIG. 2a, 
and thence to a respective analogue-to-digital converter 
706a,b and to a digital signal processor (DSP) 708. DSP708 
will typically include one or more processors 708a (for 
example, for a parallel implementation of filter 414) and 
some working memory 708b. The DSP 708 has a data output 
710 and an address, data and control bus 712 to couple the 
DSP to permanent program memory 714 such as flash RAM 
or ROM. Permanent program memory 714 stores code and 
optionally data Structures or data Structure definitions for 
DSP 708. 

0.077 As illustrated program memory 714 includes 
MIMO Scheme and constellation Selection code comprising 
SNR averaging, channel metric computation control, lookup 
table interface and MIMO/constellation decision compo 
nents to, when running on DSP 708, implement correspond 
ing functions as described above. Program memory 714 also 
includes column-by-column MIMO channel estimation code 
714b to provide a MIMO channel estimate H, column-by 
column MIMO channel matrix decomposition code 714c, 
(optional precalculation and) back-Substitution code 714d, 
channel metric computation code 714e, a lookup table 714f 
comprising data for Selecting a MIMO Scheme and constel 
lation size/type, MIMO scheme and constellation size/type 
control data reception code 714g, and optionally de-inter 
leaver code 714h, interleaver code 714i, and channel 
decoder code 714j. Examples of suitable code 714e are well 
known to those skilled in the art. Optionally the code in 
permanent program memory 714 may be provided on a 
carrier Such as an optical or electrical Signal carrier or, as 
illustrated in FIG. 7, a floppy disk 716. 
0078. The data output 710 from DSP 708 is provided to 
further data processing elements of receiver 700 (not shown 
in FIG. 7) as desired. These may a baseband data processor 
for implementing higher level protocols. 
0079 The receiver front-end will generally be imple 
mented in hardware whilst the receiver processing will 
usually be implemented at least partially in Software, 
although one or more ASICs and/or FPGAs may also be 
employed. The Skilled person will recognise that all the 
functions of the receiver could be performed in hardware 
and that the exact point at which the Signal is digitised in a 
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Software radio will generally depend upon a cost/complex 
ity/power consumption trade-off. 
0080 FIG.7b shows an outline flow diagram illustrating 
the operation of the MIMO scheme and constellation selec 
tion code 714a of the receiver 700 of FIG. 7a. At step S720 
the code receives power constraint data, channel metric data, 
data type data and optionally time averaged SNR data and, 
at Step S722, uses these data to read data identifying a 
MIMO scheme and constellation from lookup table 714F. At 
Step S724 the code reads the average block error rate and, 
and at step S726, determines whether or not this is within a 
permitted range (S726), if not modifying the MIMO scheme 
and/or constellation recommended by the lookup table 
(S728). Optionally, at step S730, the scheme/constellation 
Selection code identifies a channel type from the block error 
rate and outputs channel-type data to the channel metric 
computation module 714e (which may modify the MIMO 
Scheme/constellation indicated by the lookup table data). 
Then, at step S732, the MIMO scheme and constellation 
data are output a feedback (transmitter control) channel for 
the transmitter to implement. When the change has been 
implemented the receiver is instructed, as previously 
described, by transmitting Scheme and constellation Selec 
tion data to the receiver for interpretation and implementa 
tion by control data reception code 714g. 
0081 Embodiments of the above-described techniques 
facilitate better adaptation of a MIMO communications 
System to the channel conditions and other constraints, in 
particular relating to power consumption. For example a 
Space-time coding Scheme Such as Alamouti employs diver 
sity to decrease the bit error rate and is thus robust to afford 
channel conditions and noise but typically has a maximum 
rate (compared with a single-in-out System) of unity, whilst 
a Spatial multiplexing Scheme Such as BLAST potentially 
offers a maximum rate equal to the number of transmit 
antennas but which can drop significantly (even below 
unity) for ill-conditioned channels and/or low SNRs. 
Despite this the need to operate at low SNRs can be 
important for portable devices in order to Save power but in 
other Situations a more complex multiplexing algorithm at 
the expense of an increased power consumption may be 
preferred. Furthermore Some applications require a thresh 
old minimum error rate and Spatial multiplexing algorithms 
can fail to deliver this when the SNR is low or when 
ill-conditioning of the channel is high. Water-filling Schemes 
(distributing power to transmit antennas dependent upon 
SNRS) provide Some degree of adaptation but can require 
Significantly higher levels of feedback than is the case with 
the techniques described above. The above-described tech 
niques take into account a range of factors and can provide 
Significantly improved performance over prior art tech 
niques. The generalised architectures for implementing 
these techniques are schematically illustrated in FIGS. 3 to 
5, as described above. For example, referring to FIG. 5, in 
which information relating to previously selected MIMO 
Scheme/constellation parameters is used as one of the input 
parameters for Selecting a Scheme/constellation type, only 
Small changes in rate may be permitted So that the System 
adapts gradually to different requirements, Say by Switching 
between algorithms that are close in, for example, error rate 
performance. Thus the selection of a new MIMO scheme/ 
constellation may be dependent upon the Scheme having a 
predicted or actual data or error rate which is no greater than 
a threshold difference from that currently employed. 
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0082 In embodiments of systems employing the above 
described techniques it is also possible to weight one or 
more requirements according to their importance-for 
example where estimation of a channel metric is expected to 
be unreliable this may be given a reduced weight So as not 
to cause abrupt changes in the transmit parameters, with a 
consequent risk of unexpected communications failure. By 
contrast other parameters, for example power constraints, 
could be given an increased weight So that these produce a 
Significant change in the transmit parameterS Suitable for, 
Say, adapting a terminal to either mains or battery operation. 
0.083. In the above described techniques another impor 
tant parameter that can be adapted additionally or alterna 
tively to the constellation size/modulation order is the chan 
nel coding rate and, optionally, the coding algorithm (i.e., 
referring to elements of FIG. 1, encoder 104, decoder 120) 
and this is contemplated in embodiments/aspects of the 
invention. Thus in this document channel coding rate/algo 
rithm may effectively be read/understood in addition to 
and/or in place of references to constellation or a constel 
lation parameter. 
0084 Embodiments of the above-described adaptive 
MIMO communications system can provide a minimum 
throughput guarantee for applications requiring operation at 
or below a given error rate, providing the channel and SNR 
permit (therefore Satisfying quality of Service requirement). 
The described techniques are also helpful for adapting the 
power consumption of the receiver, for example by trading 
throughput and complexity. In this way, providing opera 
tional conditions permit, embodiments of the System can 
effectively ensure a performance floor over an envelope of 
channel metric/SNR/QoS requirements. We have also 
described how computational resources, in particular relat 
ing to MIMO channel matrix decomposition, can be re-used 
in order to reduce hardware complexity and/or power con 
Sumption and/or optionally increase Speed. 
0085 Embodiments of the above-described techniques 
have applications in a wide range of MIMO communications 
Systems including base Stations, acceSS points, and mobile 
terminals/devices. MIMO schemes for use in the adaptive 
communications process may be Selected from very simple 
Schemes Such as Alamouti to complex Space-time and/or 
frequency MIMO schemes such as BLAST or sphere decod 
ing. Broadly Speaking embodiments of the invention facili 
tate improved or at least a more consistent level of perfor 
mance and/or, depending upon the conditions and 
parameters, increased data rates and/or, in particular 
embodiments, more efficient use of hardware resources. 
0086) No doubt many other effective alternatives will 
occur to the skilled person. It will be understood that the 
invention is not limited to the described embodiments and 
encompasses modifications apparent to those skilled in the 
art lying within the Spirit and Scope of the claims appended 
hereto. 

1. An adaptive MIMO communications system compris 
ing a MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, 

said MIMO transmitter including a receiver to receive a 
feedback signal from Said receiver Sent via Said feed 
back path and a controller responsive to Said feedback 
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signal to configure a MIMO transmission from said 
transmitter to Said receiver; 

said MIMO receiver being configured to receive said 
MIMO transmission; and wherein said MIMO receiver 
includes a decision module, Said decision module hav 
ing a power indicating input to input a signal indicating 
a desired receiver power consumption, and an output 
for Sending a MIMO configuration signal to Said 
MIMO transmitter, said decision module being config 
ured to determine a MIMO transmission configuration 
responsive to Said power indicating input and to output 
a MIMO configuration signal for feedback to said 
transmitter to configure Said transmitter in accordance 
with Said determination. 

2. An adaptive MIMO system as claimed in claim 1 
wherein Said receiver further includes a communications 
quality of Service (QoS) measuring System having a mea 
Sured QoS Signal output, and wherein Said decision module 
includes a measured QoS input from Said measured QoS 
output, and a desired QoS input for inputting a signal 
indicating a desired QoS, and wherein Said decision module 
is further configured to input. 

3. An adaptive MIMO communications system compris 
ing a MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, 

said MIMO transmitter including a receiver to receive a 
feedback signal from Said receiver Sent via Said feed 
back path and a controller responsive to Said feedback 
signal to configure a MIMO transmission from said 
transmitter to Said receiver; 

said MIMO receiver being configured to receive said 
MIMO transmission; and wherein said MIMO receiver 
includes a communications quality of Service (QoS) 
measuring System having measured QoS Signal output, 
and a decision module, Said decision module having a 
first, measured QoS input and a Second input to input 
a signal indicating a desired QoS, and an output to 
output a MIMO configuration signal, and wherein Said 
decision module is configured to input a Said desired 
QoS signal, determine a first MIMO transmission con 
figuration responsive to Said desired QoS Signal, output 
a first MIMO configuration signal for feedback to said 
transmitter to configure Said transmitter in accordance 
with Said determination, input a Said measured QoS 
Signal, determine a Second MIMO transmission con 
figuration responsive to Said measured QoS Signal, and 
output a second MIMO configuration signal for feed 
back to Said transmitter to configure Said transmitter in 
accordance with Said Second determination. 

4. An adaptive MIMO system as claimed in claim 2 
wherein Said desired QoS Signal comprises a signal indicat 
ing into which one of a plurality of categories the data to be 
transmitted falls. 

5. An adaptive MIMO system as claimed in claim 4 
wherein Said plurality of categories of data define a plurality 
of minimum acceptable QoS levels. 

6. An adaptive MIMO system as claimed in claim 4 
wherein Said plurality of categories of data define a plurality 
of maximum data transmission latencies. 

7. An adaptive MIMO system as claimed in claim 3 
wherein Said desired QoS Signal comprises a signal indicat 
ing into which one of a plurality of categories the data to be 
transmitted falls. 
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8. An adaptive MIMO system as claimed in claim 6 
wherein Said plurality of categories of data define a plurality 
of minimum acceptable QoS levels. 

9. An adaptive MIMO system as claimed in claim 7 
wherein Said plurality of categories of data define a plurality 
of maximum data transmission latencies. 

10. An adaptive MIMO system as claimed in claim 2 
wherein Said measured QoS Signal comprises a block error 
rate signal. 

11. An adaptive MIMO system as claimed in claim 2 
wherein Said transmitter includes a data compression mod 
ule, responsive to Said feedback Signal, for outputting com 
pressed audio and/or video data for transmission, wherein 
said decision module is configured to output a MIMO 
configuration Signal indicating that a reduced data rate is to 
be employed when Said measured QoS is less than Said 
desired QoS, and wherein Said transmitter is configured 
control Said data compression module responsive to Said rate 
reduction Signal to provide a reduced data rate output. 

12. An adaptive MIMO system as claimed in claim 1 
wherein Said decision module is further configured to deter 
mine a said MIMO transmission configuration responsive to 
a previously determined MIMO transmission configuration. 

13. An adaptive MIMO system as claimed in claim 1 
wherein Said receiver further includes a channel metric 
computation module having a channel metric output, and 
wherein Said decision module is further configured to deter 
mine a said MIMO transmission configuration responsive to 
Said channel metric output. 

14. An adaptive MIMO system as claimed in claim 13 
wherein Said channel metric computation module has a time 
determining input, wherein Said channel metric is calculated 
over a period of time responsive to Said time determining 
input, and wherein Said decision module is configured to 
provide a channel type Signal to Said time determining input, 
Said channel type Signal indicating one of a plurality of 
categories of channel type into which a MIMO channel 
between said MIMO transmitter and said MIMO receiver 
falls. 

15. An adaptive MIMO system as claimed in claim 13 
wherein Said receiver is further configured to estimate a 
MIMO channel response matrix for decoding a received 
Signal and for computing a Said channel metric. 

16. An adaptive MIMO system as claimed in claim 15 
wherein Said receiver is configured to determine a decom 
position of Said channel response matrix, for computing a 
Said channel metric and/or decoding a received signal, in 
parallel with Said channel response estimation. 

17. An adaptive MIMO system as claimed in claim 15 
wherein Said receiver is configured to determine a decom 
position of Said channel response matrix, for computing a 
Said channel metric and for decoding a received signal using 
shared computational resources. 

18. An adaptive MIMO system as claimed in claim 1 
wherein Said MIMO configuration signal comprises a signal 
indicating a MIMO transmission Scheme or algorithm and/or 
a constellation size or modulation type. 

19. An adaptive MIMO system as claimed in claim 2 
wherein Said decision module comprises a look-up table to 
provide data indicating a preferred MIMO configuration and 
a decision modifier to modify said preferred MIMO con 
figuration responsive to Said measured QoS Signal to provide 
a modified MIMO configuration for outputting as a said 
MIMO configuration signal. 
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20. An adaptive MIMO communications system compris 
ing a MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, 

said MIMO transmitter including a receiver to receive a 
feedback signal from Said receiver Sent via Said feed 
back path and a controller responsive to Said feedback 
signal to configure a MIMO transmission from said 
transmitter to Said receiver; 

said MIMO receiver being configured to receive said 
MIMO transmission; and wherein said MIMO receiver 
includes a channel metric computation module having 
a channel metric output and a decision module, Said 
decision module having a channel metric input and an 
output for Sending a MIMO configuration Signal to Said 
MIMO transmitter, said decision module being config 
ured to determine a MIMO transmission configuration 
responsive to Said channel metric input and to output a 
MIMO configuration signal for feedback to said trans 
mitter to configure Said transmitter in accordance with 
Said determination, wherein Said receiver is further 
configured to estimate a MIMO channel response 
matrix for decoding a received signal and for comput 
ing a Said channel metric, and to determine a decom 
position of Said channel response matrix, for computing 
a said channel metric and/or decoding a received Sig 
nal, in parallel with Said channel response estimation. 

21. An adaptive MIMO communications system compris 
ing a MIMO transmitter and a MIMO receiver and having a 
feedback path from Said receiver to Said transmitter, 

said MIMO transmitter including a receiver to receive a 
feedback signal from Said receiver Sent via Said feed 
back path and a controller responsive to Said feedback 
signal to configure a MIMO transmission from said 
transmitter to Said receiver; 

said MIMO receiver being configured to receive said 
MIMO transmission; and wherein said MIMO receiver 
includes channel metric computation module having a 
channel metric output and a decision module, Said 
decision module having a channel metric input and an 
output for Sending a MIMO configuration Signal to Said 
MIMO transmitter, said decision module being config 
ured to determine a MIMO transmission configuration 
responsive to Said channel metric input and to output a 
MIMO configuration signal for feedback to said trans 
mitter to configure Said transmitter in accordance with 
Said determination, wherein Said receiver is further 
configured to estimate a MIMO channel response 
matrix for decoding a received signal and for comput 
ing a Said channel metric, and to determine a decom 
position of Said channel response matrix, for computing 
a Said channel metric and for decoding a received 
Signal using Shared computational resources. 

22. A MIMO receiver as recited in claim 1. 
23. A MIMO receiver as recited in claim 3. 
24. A MIMO receiver as recited in claim 20. 
25. A MIMO receiver as recited in claim 21. 
26. A MIMO transmitter as recited in claim 1. 
27. A MIMO transmitter as recited in claim 3. 
28. A MIMO transmitter as recited in claim 20. 
29. A MIMO transmitter as recited in claim 21. 
30. Computer program code, in particular on a carrier, to 

when running implement the decision module of claim 1. 



US 2005/0237971 A1 

31. AMIMO receiver for receiving a MIMO transmission, 
the receiver comprising: 

a MIMO channel matrix estimator to estimate a MIMO 
channel response matrix for decoding a received Signal; 
and 

a matrix decomposition module to determine a decom 
position of Said channel response matrix for decoding 
a received signal; and 

wherein Said receiver is configured to estimate Said chan 
nel response in parallel with Said channel matrix 
response decomposition determination. 

32. A method of configuring an adaptive MIMO commu 
nications System comprising a MIMO transmitter and a 
MIMO receiver and having a feedback path from said 
receiver to said transmitter, said MIMO transmitter includ 
ing a receiver to receive a feedback signal from Said receiver 
Sent via Said feedback path and a controller responsive to 
said feedback signal to configure a MIMO transmission 
from said transmitter to said receiver, said MIMO receiver 
being configured to receive said MIMO transmission, the 
method comprising: 

inputting a signal indicating a desired receiver power 
consumption; 

determining a MIMO transmission configuration respon 
Sive to Said power indicating input, and 

outputting a MIMO configuration signal for feedback to 
Said transmitter to configure Said transmitter in accor 
dance with Said determination. 
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33. A method of configuring an adaptive MIMO commu 
nications System comprising a MIMO transmitter and a 
MIMO receiver and having a feedback path from said 
receiver to said transmitter, said MIMO transmitter includ 
ing a receiver to receive a feedback Signal from Said receiver 
Sent via Said feedback path and a controller responsive to 
said feedback signal to configure a MIMO transmission 
from said transmitter to said receiver, said MIMO receiver 
being configured to receive said MIMO transmission, the 
method comprising: 

inputting a desired communications quality of Service 
(QoS) signal; 

determining a first MIMO transmission configuration 
responsive to Said desired QoS Signal; 

outputting said first MIMO configuration signal for feed 
back to Said transmitter to configure Said transmitter in 
accordance with Said determination; 

measuring a communications quality of Service (QoS); 
determining a Second MIMO transmission configuration 

responsive to Said measured QoS, and 

outputting a Second MIMO configuration signal for feed 
back to Said transmitter to configure Said transmitter in 
accordance with Said Second determination. 


